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Abstract

In this work, activated carbons (ACs) for electrodes supercapacitor
applications were successfully synthesized from banana stem.
Banana is one of the popular fruits that is easy to grow and most
parts of the plant can be used. However, banana cultivation
generates a lot of wastes, especially from the stem. Thus, using
banana stem as raw material for ACs was investigated. The
synthesis of AC consisted of 2 processes; carbonization and
activation. The advantage of a two-step synthesis was the low
weight loss of charcoal. Firstly, the carbonization process was
conducted by varying the temperature between 300-600°C, and
then inorganic elements were removed by treatment with 1 M
sulfuric acid. After that, activation was conducted at 720°C under
an argon atmosphere. The electrochemical properties of banana
stem-derived ACs (BCH-ACs) were studied using sodium sulfate
as an electrolyte. The BCH-ACs carbonized at 400°C showed the
highest performance with a specific capacitance of 55.45 Fg™!, an
energy density of 7.70 Whkg™' and a power density of 133.94 Wkg'.
The highest specific capacitance of the BCH400-AC was likely due
to the increase in the amount of oxygenated functional group,
which facilitated the access of electrolyte ions into the electrode.
These results suggest that banana stem can be used to synthesize
ACs via carbonization at 400°C, and the ACs generated can be
applied as electrode in supercapacitors.
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1. Introduction

The Saba banana is botanically known as part of Musa acuminate x balbisiana (ABB Group) and is
a member of the Musaceae family. It is native to the three southern border provinces of Thailand,
Malaysia and Indonesia. Banana is one of the popular fruits that is easy to grow, and most of its
parts including the peel, stem, leaves, and fruit can be utilized [1-4]. Banana fruit crop production
is estimated to be over 72.5 million tons per year, making it the fourth most significant fruit crop in
the world [2]. After the banana fruit is mature and picked, the banana stem is chopped off and often
discarded [1, 5, 6]. However, banana stem contains high lignin and cellulose, which are important
starting materials for the synthesis of activated carbons (ACs) [7]. Biomass-derived ACs are widely
utilized in energy storage device application [8-17], while also being used as catalyst supports [18,
19] and as adsorbents [20, 21].

Among energy storage (EC) devices, supercapacitors are situated in between dielectric
capacitors and batteries Due to the unavoidable energy urgency coming from the limited supply of
fossil fuels, ECs have been garnering growing attention. Because of its unique physical and chemical
features, carbon has been used as an electrode material basis. Its excellent electrical conductivity
and surface area make it a suitable material for supercapacitors because of its low production cost
and controllable pore structure. Considering the high carbon content, AC has a large surface area
and high porosity. AC microstructures are largely depending on the type of raw materials used.
Improvements of electrode materials such as improving surface area and increasing oxygenated
functional groups on carbon surfaces have been the primary focus of attempts to increase EC
performance [22]. Normally, ACs can be synthesized in two steps: (i) a carbonization step to change
the biomass into a carbonaceous structure via hydrothermal or pyrolysis and (ii) an activation step
to form the pores in the carbon network by chemical or physical activation. The advantage of the
two-step synthesis is a low weight loss of charcoal. Using banana stem as a raw material is a
significant challenge.

In this study, the synthesis of ACs derived from banana stem at various carbonization
temperature was investigated. The ACs were prepared in two steps; the first step was the
carbonization process prepared by varying temeratures between 300-600°C, and the second step was
the chemical activation at 720°C. The surface morphologies and electrochemical characteristics of
the ACs derived from banana stem were examined. The ACs derived from banana stem at a
carbonization temperature of 400°C showed the highest specific capacitance.

2. Materials and Methods
2.1 Syhthesis and characterization of banana stem-derived activated carbon

Fresh banana stem was obtained from Yala, one of three southern border provinces of Thailand,
washed with water, and dried at 60°C overnight, and then ground into minute bits using a blender.
The synthesis of ACs consisted of two processes; carbonization and activation. Firstly,
carbonization process was conducted by varying temperature between 300-600°C for 120 min, with
nitrogen flow rate of 0.5 Lmin™! at a heating rate of 5°Cmin™'. This was followed by the removal of
inorganic components with 1 M sulfuric acid at 100°C for 180 min. Each sample was then
continuously rinsed with deionized (DI) water until it reached its natural pH level and then dried at
110°C fovernight (hereafter referred to as BC). The BC was then mixed with sodium hydroxide
(NaOH) at a ratio of 1:2.5 by weight, and then heated under nitrogen flow in a tubular furnace at
720°C for 60 min at a nitrogen flow rate of 5 Lmin™!. Following the thermal activation, each sample
was cleaned with DI water until its natural pH level was obtained, as described elsewhere (hereafter
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referred to as BCH-AC) [14]. A scanning electron microscope (SEM, JEOL JSM-7800F) was used
to examine the structure of the BCH samples, while a Raman spectrometer with a laser excitation
wavelength of 532 nm (Thermo Scientific DXR SmartRaman) and a Fourier transform-infrared
spectrometer were used to determine the functional groups present (FTIR, PerkinElmer Scientific,
Spectrum Two FT-IR Spectrometer).

2.2 Electrode preparation and characterization of electrochemical properties

The electrode materials were a mixture of BCH-AC, carbon black and polytetrafluoroethylene
(PTFE) at a weight ratio of 90:5:5, respectively. The materials were then crushed for 1 min at a
pressure of 10 kN to create an electrode pellet with a diameter of 1 mm. The electrode material had
a total mass loading of approximately 20 mg. A three-electrode setup was used for electrochmical
measurement (Metrohm AUTOLAB PGSTAT 302). The working, counting and reference electrode
used were BCH-AC, Pt sheet and Ag/AgCl electrodes, respectively. The electrolyte solution used
was 1 M of sodium sulphate (Na,SO4). Using cyclic voltammetry (CV) with a potential range of
0.0-1.0 V at a scan rate of 5 mVs! and galvanostatic charge-discharge (CD) with a current density
of 0.1 Ag’!, the electrochemical properties of the samples were analyzed. The specific capacitance
of the electrode materials in the three-electrode system (C;) was caculated from CD curves using
the following equations:

_ I X At
T m X Av

(1)

N

where C;, I, At, and Av are the specific capacitance of electrode material (Fg™'), applied current (A),
discharge time (s), the total loading mass of electrode pellets (g), respectively. Equations (2) and (3)
were used to calculate the device's energy density (E, Whkg™) and power density (P, Wkg™).
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3. Results and Discussion

Figure 1 shows SEM images of the BCH-ACs carbonized at different temperatures. The
morphologies of BCH-AC showed higher amounts of broken structures and higher surface
roughness with increasing temperature of carbonization. We characterized the crystallinity of the
ACs using Raman spectroscopy with excitation using a 532 nm (2.33 eV) argon ion laser and a
power of 5 mW. As shown in Figure 2, the Raman spectra consist of two characteristic peaks; a D-
band at a Raman shift of ~1336 cm ™! and a G-band at a Raman shift of ~1567 cm™!. The disordered
carbon structure and sp3 hybridized carbon gave rise to the D-band, whereas the graphitic structure
dominated by sp2 bonds gave rise to the G-band [23, 24]. The intensity ratio of the D-band to the
G-band (In/Ig) may be used to assess defect locations in carbon structures [25, 26]. It was found that
the Ip/Ig ratio decreased after the activation process, i.e. the Ip/Igratio of BC were 1.12, 1.15, 1.28
and 1.20 and the Ip/Ig ratio of BCH-AC were 0.93, 0.96, 0.97 and 0.98 for carbonization
temperatures of 300, 400, 500 and 600°C, respectively. These results indicated a higher degree of
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Figure 1. SEM images of (a) BCH300-AC, (b) BCH400-AC, (¢c) BCH400-AC, and

(d) BCH500-AC
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Figure 2. Raman spectra of (a) carbonization (BC) process, and (b) activation (BCH) process
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graphitic structure, resulting from the decomposition of amorphous structures and organic
components by the activation process.

The surface functional groups of BCH-ACs were also investigated by FT-IR. Figure 3
shows FT-IR spectra of BCH300-AC, BCH400-AC, BCH500-AC, and BCH600-AC. The stretching
vibration of the hydroxyl (OH) group is represented by the broad peak at 2500-3300 cm!. The OH
groups may from absorbed water, carboxylic acids and alcohols of cellulose, hemicellulose. The
peak at ~1514 cm™! is attributed to the aromatic ring vibration (C=C) of lignin [27]. The peak at
~1175 cm! is assigned to the stretching vibration of the C—O group of cellulose [28]. Interestingly,
BCH400-AC showed a high level of the functional groups of aromatic rings and carbonyl groups.
A high content of oxygenated functional groups may be beneficial for supercapacitor electrodes by
improving of carbon surface wettability, and by taking part in the faradaic reaction, thereby
increasing the specific capacitance [14, 29].
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Figure 3. FT-IR spectra of BCH-ACs carbonized at different temperatures

Figure 4a shows the CV curves of different electrodes in a potential window range of 0.0-
1.0 V at a scan rate of 5 mVs'. Electrical double-layer capacitors (EDLC) at the electrode-
electrolyte interface had quasi-rectangular geometries. The BCH400-AC showed the largest area of
CV curves, indicating the highest specific capacitance. Figure 4b shows CD curves in the 0.0-1.0 V
potential range with a current density of 0.1 Ag™. All CD curves had a symmetric triangular form,
indicating high electrochemical reversibility and the best supercapacitor characteristics [30].
BCH400-AC had a longer charge-discharge duration than other samples produced at different
carbonization temperatures, indicating a greater specific capacitance. The values of the specific
capacitance were observed to be in the following order: BCH400-AC (55.45 Fg') > BCH500-AC
(45.84 Fg') > BCH600-AC (29.65 Fg')> BCH300-AC (25.95 Fg'!). The calculated energy and
power density of BCH300-AC, BCH400-AC, BCH500-AC, and BCH600-AC were approximately
3.60,7.70,6.37, and 4.12 Whkg!, and 117.93, 133.94, 127.32, and 123.54 Wkg!, respectively. The
BCH400-AC showed the highest performance, energy density and power density. The BCH400-AC
had the greatest specific capacitance due to an increase in the numbers of oxygenated functional
groups, which allowed the electrolyte ions to easily enter the electrode materials. Table 1 shows the
comparison of specific capacitance (Cs) of different electrode materials. The present study
represents an improvement over some earlier works done and is comparable to previously published
research materials.
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Figure 4. Electrochemical performance of the sample in 1 M Na,SO;, electrolyte. (a) CV curves at
a scan rate of 5 mVs!, and (b) CD curves at a current density of 0.1 Ag!

Table 1. Comparison of specific capacitance (Cs) of different electrode materials

Electrode Specific capacitance Energy density Power density
material (Fg') (Whkg™) (Wkg™) References
Samanea saman 179 353 5423 [15]
leaves
Durian husk 145 32 316 [17]
Tobacco waste 148 2.6 52 [31]
Wheat straw 294 11 260 [32]
Pomelo peel 280 17.1 420 [33]
Aloe vera 200 40 150 [34]
Banana-peel 68 0.75 31 [35]
Banana-peel 155.5 7 250 [36]
Banana stem 55.45 7.70 133.94 This work

4. Conclusions

In summary, ACs derived from Saba banana stem were successfully synthesized. The best
performance was that of BCH400-AC, which had a specific capacitance, energy and power density
of 55.45 Fg!, 7.70 Whkg! and 133.94 Wkg™!, respectively. In the BCH400-AC, there was a rise in
the amount of oxygenated functional groups, which made it easier for the electrolyte ions to access
the electrode materials. These results suggest that banana stem can be used as a raw material for
synthesis of ACs and can be applied as an electrode of supercapacitor.
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